Abstract-Brain source localization accuracy in magnetoencephalography (MEG) requires accuracy in both digitizing anatomical landmarks and coregistering to anatomical magnetic resonance images (MRI). We compared the source localization accuracy and MEG-MRI coregistration accuracy of two head digitization systems-a laser scanner and the current standard electromagnetic digitization system (Polhemus)-using a calibrated phantom and human data. When compared using the calibrated phantom, surface and source localization accuracy for data acquired with the laser scanner improved over the Polhemus by 141% and 132%, respectively. Laser scan digitization reduced MEG source localization error by 1.38 mm on average. In human participants, a laser scan of the face generated a 1000-fold more points per unit time than the Polhemus head digitization. An automated surfacematching algorithm improved the accuracy of MEG-MRI coregistration over the equivalent manual procedure. Simulations showed that the laser scan coverage could be reduced to an area around the eyes only while maintaining coregistration accuracy, suggesting that acquisition time can be substantially reduced. Our results show that the laser scanner can both reduce setup time and improve localization accuracy, in comparison to the Polhemus digitization system.
I. INTRODUCTION
M AGNETOENCEPHALOGRAPHY (MEG) is a noninvasive technique for mapping neuronal activity by measuring magnetic fields generated from intracellular electrical currents [1] - [3] . MEG has high spatiotemporal resolution, which makes it a valuable tool for both basic and clinical brain research and is clinically indicated for localization in epilepsy and presurgical mapping [4] - [6] . Neuromagnetic sources are localized with respect to the spatial configuration of the helmetshaped MEG sensor array through inverse modeling [2] . These locations are translated to sources within the brain by combining MEG data with the structural image of the brain generated using magnetic resonance imaging (MRI). By this approach, MEG can identify the specific brain areas that are involved in function or pathology. The precise coregistration of the MEG and MRI coordinate systems is essential for achieving accurate localization. Errors in coregistration lead to errors in source localization. MEG-MRI coregistration is achieved by defining transformations between three coordinate frames: the MEG scanner, the participant's head in the scanner ("MEG head"), and the anatomical MRI of the participant's head ("MRI head") [7] . The MEG scanner coordinate frame is based on the manufacture of the sensor array and remains constant. The transform between MEG scanner and MEG head coordinate frames is based on head position indicator (HPI) coils. HPI coils are three or four small coils that emit known magnetic fields that can be easily localized within the MEG scanner coordinate frame during the scan. Prior to scanning (i.e, outside of the magnetically shielded room), the HPI coils are placed on the subject's head and the 3-D positions of the coils on the head are digitized. If the HPI coils are not placed over the so-called fiducial landmarks (nasion and peri-or preauricular points), then the positions of the landmarks are also digitized. Also, the positions of additional points on the face and scalp are often digitized. The transform between MEG head and MRI head coordinate frames is based on this 3-D digitization and the manual identification of the same fiducial landmarks on the MRI using image-viewing software. In general, increasing the number of digitization points helps constrain this transform.
It is not surprising that the precision of the MEG-MRI coregistration is strongly dependent upon the accuracy of 3-D digitization and MRI fiducial landmark identification. The digitization procedure represents a significant factor affecting the localization accuracy for neuromagnetic source imaging. Localization accuracy in MEG is generally thought to be on the order of millimeters. However, there is evidence that MEG source localization accuracy can be improved. For example, Suk et al. estimated the limit of localization accuracy by imaging cortical responses to consecutive activation of tactile receptors on three adjacent fingers [8] . They identified different activation locations for each finger over approximately 5 mm of cortex, which estimates the localization accuracy as 1.7 mm. This example, which nicely controlled for localization error by restricting the comparison to within subjects and within scans, highlights the need to focus on further error reduction strategies. MEG-MRI coregistration represents an important factor in reducing localization error, and therefore requires further attention.
0018-9294/$31.00 © 2012 IEEE The most commonly used device for 3-D digitization in MEG is the Polhemus Fastrak 3-D digitization unit (Polhemus Incorporated, VT). The Polhemus uses alternating current electromagnetic transmitters and sensors to measure positions in space. As a result, the surrounding electromagnetic environment, and even the Polhemus itself, can adversely affect the digitization result, making it error prone [9] . Furthermore, the low sampling rate of the device makes digitization of the whole head time consuming.
To overcome these challenges, we investigated 3-D laser scanning as an alternative (NextEngine, CA). Laser scanners are insensitive to magnetic objects in the nearby environment and offer improved spatial sampling rate [9] , [10] . However, the relative accuracy of laser scanning for surface and, consequently, source localization remains to be demonstrated. Accordingly, the aim of this study was to compare the performance of laser scanning against the standard Polhemus digitization method for both a calibrated phantom and human data.
We completed the localization of known points on the surface of a calibrated phantom. We hypothesized that the 3-D laser scanner would offer superior surface localization accuracy in comparison to the Polhemus digitizer. We also activated a current source of known properties inside of the calibrated phantom. We hypothesized that source localization accuracy would be improved using coordinate frame coregistration based on the 3-D laser scanner in comparison to the Polhemus digitizer. Finally, we performed digitization of the human head using both the Polhemus and the laser scanner and coregistered results to anatomical MRI to compare data quality. Manual and automated coregistration was performed. Using these data combined with the automated coregistration algorithm, we simulated laser scans with reduced spatial sampling rate and coverage to determine optimized scan parameters that provide the necessary precision in MEG-MRI coregistration in a timely manner.
II. METHODS

A. Phantom Study-Surface Localization Accuracy
The calibrated phantom supplied by the manufacturer (Elekta Neuromag, Finland) contains 32 current sources and four HPI coils at known locations inside a head-sized hemisphere (see Fig. 1 ). The HPI coils are molded into the calibrated phantom at equidistant locations around the circumference, at a distance of 79.5 mm from the center. We compared the accuracy of localization for the HPI coils on the phantom using the Polhemus and laser digitization methods.
Phantom 3-D digitization was performed by mounting the calibrated phantom on a nonmagnetic stand within 50 cm of the field generator. The Polhemus measured the positions of two magnetic-field sensors with respect to a generator of a known magnetic field. One sensor was a "reference" sensor, secured to the phantom to correct for movement during the digitization process. The second sensor was a stylus, which was held on the points to be digitized. The tip of the stylus contains the magnetic-field sensor, which is activated by a button press. The reference sensor was secured on the phantom. The stylus sensor digitized the position of the centre of each HPI coil. The phantom was then installed in a mounting system for laser digitization. The laser scanner used harmless invisible laser light (FDA approved) to triangulate the distance to points on the surface of an object. A line of human-safe laser light was emitted to the object surface and the reflection was measured using a video camera. The camera was spatially offset from the laser source. The information on the position of the object was obtained based on the physical relationship between the emitted and reflected laser light. Color was also extracted from the digital image. The vendor-supplied laser scanner software then generated a list of locations and colors for all points on the surface.
To identify landmarks in the laser scanner image, a yellow sticker was placed on the location of each HPI coil. As the phantom is axially symmetric, a distinct mark was made on each quadrant of the hemisphere to distinguish laser scans. Four side-on laser scan images were taken of the calibrated phantom at equal angles around its circumference. The individual images were concatenated into a 3-D reconstruction using the laser scanner software. The locations of the centers of the yellow stickers were extracted from the reconstruction.
For each method, the measurement was repeated ten times. The difference between the known and measured distances between HPI coils defined the per point localization accuracy of each device. A repeated measures analysis of variance [11] revealed any significant differences in the per-point localization accuracy between devices (p < 0.01).
B. Phantom Study-Current Source Localization Accuracy
Once HPI localization was completed ten times with each method, we estimated the variability in localization of the phantom sources for both methods. To do this, the phantom was installed in the MEG. A brief HPI localization scan was performed, followed by the activation of a current source with a known location inside of the phantom for two cycles of a 20-Hz sinusoid at a magnitude of 25 nA·m. During this time, MEG data were collected at 1000 Hz with an inline low-pass filter at 330 Hz for 100 repetitions of the source activation.
MEG data for each period of activation were averaged and environmental noise was subtracted using signal-space separation [12] . Data were then low-pass filtered at 40-Hz offline to further improve the signal-to-noise ratio. The magnetic-field strength at the peak latency of activation was then visualized topographically.
A recursive least-squares fitting algorithm estimated the location of the current dipole source within the phantom for which the projected magnetic-field strength matched the measured topography [2] . This source localization procedure was repeated 20 times; using coregistration based on the HPI positions acquired during each of the ten Polhemus and laser scans. For each digitization device, the mean and standard error of the difference between the known and estimated source location was determined. An unpaired t-test revealed any significant difference in source localization accuracy based on the scanner used for coregistration (p < 0.01). Systematic error was evaluated by plotting the estimated locations versus known in all three cardinal planes.
C. Human Study-Data Acquisition
Polhemus and laser digitization scans, and anatomical MRI scans were acquired on eight healthy adult participants enrolled in a MEG neuroimaging study. All participants underwent both Polhemus and laser digitization scans to establish the position of HPI coils and anatomical landmarks and to derive a head shape. Each participant also had a high-resolution (1 mm 3 voxel size) T1-weighted anatomical MRI scan completed as part of the study. Four subjects were excluded from further analysis, as the MRI images did not include coverage of the face. The study had full research ethics approval and all participants provided informed consent before involvement in this study.
Before the MEG scan, two HPI coils were placed on the participant's forehead and one in front of each ear (four in total). The positions of the HPI coils, three fiducial landmarks (nasion and left/right preauricular points), and a 100-150 point head shape were digitized using the Polhemus digitizer. For head digitization, the participant was seated such that the head was positioned within 50 cm of the magnetic field generator (attached to the back of a chair). Digitization data were acquired through positioning the stylus at fixed points, with the 3-D location data transferred to the MEG acquisition software in real time. The Polhemus digitization process was completed in about 3 min.
After the MEG scan, participants underwent three 60-s laser scans: one of the front and one of each side of the head (i.e., total scan time of 3 min). For ease of identification, colored stickers were placed on the fiducial landmarks and HPI coils prior to digitization. Also, participants wore a swimming cap to image the head shape above the hairline. The locations of the colored stickers were determined automatically to identify the fiducial landmarks and HPI coils in the 3-D image.
D. Human Study-MEG-MRI Coregistration
For each subject, a preliminary manual MEG-MRI coregistration was achieved by marking the fiducial landmarks on the MRI in the available viewing software (MRI Lab, Elekta Neuromag Ltd., Helsinki, Finland). In turn, surface data from each scanner (Polhemus and laser) were then superimposed on the anatomical MRI image. The quality of the coregistration was verified based on three constraints: 1) the triangle defined by the three fiducial landmarks should match for the MRI and the digitization scan; 2) the fiducial landmarks should overlay the correct anatomy; and 3) visual surface matching between the scanner data and the MRI. If necessary, the marked locations of the fiducial landmarks were then manually updated in the software to ensure that all three constraints were satisfied.
For comparison to the manual approach, automated MRI coregistration of the Polhemus and laser scanner data was also performed. The scalp surface was obtained using surface segmentation applied to the anatomical MRI [13] as implemented in the SPM2 analysis package, with the scalp intensity threshold specified as 10% of the maximum voxel intensity. For the laser scanner, the extracted scalp surface and laser scanner data were then manually restricted to include the face above the upper lip only, as these are easily identifiable in both MRI and laser images. For the automated coregistration with Polhemus data, we used all surface data available. A coordinate frame transformation was then applied to the scanner data to place both datasets in a similar orientation. Automated coregistration of the MRI and digitization scanner datasets was then achieved using the iterative closest point (ICP) algorithm [14] using a K-D tree-based alignment [15] and point-to-plane error minimization [16] . A maximum of 50 iterations of the ICP were allowed for the alignment to converge, to provide the necessary accuracy in a reasonable amount of processing time.
The coregistration was manually verified in the available MRI viewing software, as described earlier. As well, the distance to the nearest coregistered MRI point was calculated for each digitization scanner point to quantify the coregistration accuracy. For each subject, the mean and standard error of coregistration accuracy was calculated between the digitization scanner data and the MRI surface.
E. Human Study-Simulations
We completed three simulations studies to establish an optimal sampling rate and range of coverage that could decrease the laser scan acquisition time without negatively impacting on coregistration accuracy. The first simulation investigated the effect of reducing the spatial sampling rate of the laser scan. Automated coregistration was performed on down sampled subsets of the laser scan data-including as little as one-tenth of the entire set. The second and third simulations investigated the effect of reducing the coverage of the laser scan. These two simulations did not require detailed coverage of the fiducial landmarks or HPI coils, as we assume that MEG-MRI coregistration can be achieved without the need for HPI coils in the MEG scan (as addressed in the Discussion). In the second simulation, we used the entire spatial sampling, but varied the range of coverage of the laser scanner in the inferior-superior (defined as "z") direction by defining possible regions of coverage based on center z center , and range z range . In the third simulation, we used the entire spatial sampling and optimized coverage in the z-direction defined by the second simulation, but restricted the range of coverage to exclude points below a minimum anterior distance defined as y minimum . For each simulation, the defined subsets of laser scanner data were automatically coregistered with the MRI data as described earlier. The resultant coregistration transformation matrix was then applied to the entire laser dataset, and the distance to the nearest neighbor on the MRI surface was calculated for each point. The mean of nearest-neighbor distances defined the mean coregistration accuracy of the ICP algorithm for each iteration of the simulation. For each subject, we determined the parameters for spatial sampling and coverage that minimized the MEG-MRI coregistration accuracy.
III. RESULTS
A. Phantom Study
We compared the accuracy of position estimation for the calibrated phantom HPI coils between the Polhemus and laser digitizers. The mean difference between measured and known intercoil separation on the phantom defined the surface localization accuracy of each device. Surface localization accuracy for estimating the spatial configuration of the HPI coils is 0.8 ± 0.2 mm (mean ± standard error) for the laser scanner. This is an improvement of 141% over the Polhemus (1.9 ± 0.3 mm; p < 0.01).
We also compared the accuracy for localization of a current source inside of the calibrated phantom based on HPI coil digitization using the Polhemus and laser scanner The mean difference across repeated measures between the measured and known location of the current source defined the source localization accuracy of each device. Source localization accuracy for estimating the position of the known source is 1.04 ± 0.03 mm for the laser scanner. This is an improvement of 132% over the Polhemus (2.42 ± 0.08 mm; p < 0.0001) for estimating the location of the current source. Notably, the laser scanner improved source localization accuracy by 1.38 mm on average. Examination of these results in the cardinal planes revealed that localization error for Polhemus tended to dominate in the z-direction.
B. Human Study
Manual MEG-MRI coregistration was completed in all four subjects based on Polhemus and laser digitization data. All three coregistration constraints were satisfied for all subjects and both digitization scanner types. Automatic coregistration was also achieved for the laser scanner data in all four subjects. Although automatic coregistration of Polhemus data converged in all four subjects, the resultant surfaces did not always match well with the underlying anatomical MRIs. Scatter plots of the surface digitization generated by both scanners for a representative subject are shown in Fig. 2 , along with the 3-D reconstructed image of the face. Fig. 3 shows cross sections of the anatomical MRI for the same subject in three cardinal planes with digitization data highlighted for the manual Polhemus and laser scanner coregistrations. The automated laser scanner coregistration is not shown, as it is qualitatively indistinguishable from the manual laser scanner data. The laser scanner acquires approximately 150 000 points in three 60-s scans. In contrast, the Polhemus generates a sparse map of the head surface, collecting 150 points in approximately the same amount of time. Structures on the face (i.e., nose, forehead, ears, eyes, and cheeks) that offer ideal landmarks for coregistration can be easily identified in the highresolution laser scan. These landmarks are either not apparent or sparsely sampled in the Polhemus scan.
C. Simulations
Reducing the spatial sampling before applying the ICP algorithm reduced the coregistration accuracy for the entire dataset, as shown in Fig. 4(a) for the representative subject. Thus, the full sampling was used in the second and third simulations. Fig. 4(b) shows a surface plot of coregistration accuracy for various combinations of z centre and z range for the same representative subject used in Figs. 2 and 3 . Optimal coregistration accuracy was achieved using a 10-cm inferiorsuperior range centered at the nasion. Using this optimized coverage in the z-direction, the third simulation showed little change in coregistration accuracy when excluding laser scanner data with y-value less than 8 cm, as shown in Fig. 4(c) . Coregistration accuracy worsened rapidly when the laser scanner coverage was reduced above 8 cm in the y-direction. The results of the three simulations were consistent across the subject group, suggesting that optimal coregistration accuracy is achieved with high spatial sampling, and that coverage can be dramatically reduced without a major loss of accuracy. Fig. 4(d) indicates the optimized region of coverage as well as the spatial characteristics of coregistration accuracy. Coregistration accuracy is poor only around the tip of the nose, for which the MRI is not as sensitive. Table I summarizes the mean coregistration accuracy for all subjects. Accuracy is calculated using the entire digitization scanner dataset, although reduced ICP coregistration is defined based on the optimized coverage area [see Fig. 4(d) ]. MEG-MRI coregistration based on laser scanner data is more accurate using the ICP algorithm as compared to the manual approach. Both manual and automated coregistrations are more accurate using the laser scanner than the Polhemus scanner. There is very little change in coregistration accuracy when the laser scanner coverage is reduced to an area around the eyes only.
IV. DISCUSSION
Digitization is a critical step in MEG-MRI coregistration, which ultimately affects the accuracy of source localization. In this study, we hypothesized that laser scanning technology would out perform the existing Polhemus method, which uses an electromagnetic position digitization system.
With respect to accuracy, we used a calibrated phantom to evaluate performance of Polhemus versus laser digitization methods. Laser digitization improved surface and source localization accuracy by 141% and 132%, respectively. Importantly, this result reflected a 1.38 mm average improvement in source localization accuracy.
With respect to application, the laser scanner generated a 1000-fold higher resolution image of the head, in the same amount of time as the Polhemus device. It provided highresolution imaging of structures on the face that was easily coregistered with the anatomical MRI, both manually and using the ICP algorithm. Coregistration based on the laser scanner data required that high-resolution MR images include coverage of structures on the face.
The phantom results emphasized the importance of coregistration for improving source localization accuracy in MEG. The phantom results and the first simulation demonstrate that higher resolution digitization leads to more effective MEG-MRI coregistration. The improvement likely relates to both the increased spatial sampling and reduced localization errors that occurred with the laser scanner method. While Polhemus outliers can be compensated via their removal, this involves subtraction from the already low spatial sampling rate. In contrast, the laser scanner provided sufficient spatial sampling coverage to permit accurate and reliable identification of anatomical landmarks, such as the nose and eyebrows.
Another advantage of the laser scanner is the ability to properly evaluate the MEG-MRI coregistration (see Fig. 3 ). Given that MEG-MRI coregistration represents a point where error can readily be introduced into source localization, the ability to evaluate the fit between critical coordinate frames represents Coregistration accuracy between the MRI and laser surfaces improved with the use of an automated algorithm, as compared to the manual process. This improvement, which has been reported elsewhere [17] , was maintained even with a marked reduction in the coverage of the laser scan. Thus, laser scan acquisition time can be substantially reduced leading to a reduction in MEG setup time. This is an important issue with difficult patient populations.
Importantly, the reduced laser scan coverage could be optimized and shown to still produce robust coregistration results. This reduction is noteworthy because it allows for a shorter acquisition time (1 min instead of 3 min), which can be critical when scanning patient populations. However, the reduced laser scan coverage does not include the fiducial landmarks or the HPI coils that monitor the head position within the MEG helmet. As stated earlier, these coils are essential to defining the transformation from the MEG scanner to MEG head coordinate frames. This problem may be addressed if the HPI coils can be replaced by an MEG-compatible system for real-time 3-D position tracking of the face (possibly based on laser scanning technology). In this case, the MEG scanner to MRI coordinate frame transformation would be defined in a single step without the necessity for HPI coils, which are prone to shifting during scanning. Our results to date suggest that such a system may provide improved coregistration and localization accuracy over the current combination of HPI coils and Polhemus 3-D digitization.
Further validation of the laser scanner in terms of gains in localization accuracy associated with human MEG scans is required. This is difficult to achieve because a gold standard, in terms of correct location of activation in the brain, is elusive. However, there may be both technical (e.g., magnetic stimulation) and experimental (e.g., within subject localization error) approaches to demonstrate in vivo MEG localization improvements using laser digitization. Further, repeated measures within a human subject, similar to the phantom study described here, may provide some useful confirmation.
V. CONCLUSION
3-D imaging of the head shape with a laser scanner offers improved spatial resolution per unit time and localization accuracy in MEG. Simulation studies show that laser scanner acquisition time can be significantly reduced without any cost to MEG-MRI coregistration accuracy by scanning the area around the eyes only. In the case of calibrated phantom measurements, the laser scanner provides an improvement in source localization accuracy of 1.38 mm over the Polhemus.
